Hyperthermia is a promising treatment modality for cancer in combination both with radio-and chemotherapy. In spite of its great therapeutic potential, the underlying molecular mechanisms still remain to be clarified. Due to lipid imbalances and 'membrane defects' most of the tumour cells possess elevated membrane fluidity. However, further increasing membrane fluidity to sensitise to chemo-or radiotherapy could have some other effects. In fact, hyperfluidisation of cell membrane induced by membrane fluidiser initiates a stress response as the heat shock protein response, which may modulate positively or negatively apoptotic cell death. Overviewing some recent findings based on a technology allowing direct imaging of lipid rafts in live cells and lipidomics, novel aspects of the intimate relationship between the 'membrane stress' of tumour cells and the cellular heat shock response will be highlighted. Our findings lend support to both the importance of membrane remodelling and the release of lipid signals initiating stress protein response, which can operate in tandem to control the extent of the ultimate cellular thermosensitivity. Overall, we suggest that the fluidity variable of membranes should be used as an independent factor for predicting the efficacy of combinational cancer therapies.
Introduction
Hyperthermia, mainly as an adjuvant to radiotherapy and chemotherapy, is an established methodology among the currently applied cancer treatments. Although its exact mechanism is still unknown, it is one of the most effective radiation sensitisers and can additionally enhance the cytotoxicity of certain anticancer drugs [1] . Importantly, there is a tumour-selective effect of hyperthermia in a critical range of temperature (40) (41) (42) (43) C) in vivo [2] . Various strategies and mechanisms underlying the clinical application of hyperthermia in combination with cancer immunotherapy have been discussed by Repasky et al. [3] [4] [5] .
As a challenge to its therapeutic potential the use of hyperthermia in cancer therapy has an undesirable and inevitable side-effect linked to the familiar phenomenon in thermobiology known as acquisition of thermotolerance (ATT). A point relevant to the present review is that the subpopulation of cancer cells which develop thermotolerance become less sensitive to subsequent hyperthermia-induced cytotoxicity or various anticancer drugs and radiation [6] . Accordingly, the possibility of preventing thermotolerance development by relatively harmless substances is of high clinical importance.
Thermotolerance is generally associated with the synthesis and accumulation of heat shock proteins (HSP) molecular chaperones (especially Hsp70 and Hsp25/27). The exact sequence and mechanism of hyperthermia-induced events leading either to cell death or to the activation of cellular thermotolerance are still largely unexplored. [6] . Acquisition of thermotolerance is known to induce several other cellular defences, including the elevation of non-enzymatic and enzymatic antioxidants or activation the autophagy by NFkB during the phase of heat shock recovery [7] .
As highlighted in this review, a large amount of evidence has also been presented for decades for the involvement of membranes both in the acquisition of thermotolerance and in heat lethality. As early as 1924, Heilbrunn proposed that the physical state of the lipids might be related to the extent of cell killing by heat [8] . Experimental evidences provided later by Yatvin and co-workers supported the hypothesis that the fluidity of membranes might be a major factor contributing to the death of mammalian cells exposed to hyperthermia [9] .
Here first we briefly review those evidences, which show that the dysregulated lipid metabolism and membrane defects are really common in tumour cells, and that certain cancer therapies can alter the physicochemical properties of membranes.
Then, based on a novel method which allowed the direct imaging of nanoscopic long-lived platforms with raft-like properties diffusing in the live cell plasma membrane, we discuss what the properties are that allow the surface membrane to become the key determinant of cellular heat stress sensing and signalling.
The next paragraph overviews how lipidomic fingerprints revealed that membrane stress achieved either by heat or membrane fluidiser benzyl alcohol (BA) results in highly specific alterations in lipid metabolism of melanoma cells. We emphasise how the activation of certain phospholipases coupled to the production of specific lipid mediators (such as arachidonic acid) can refine the expression of HSPs [10, 11] .
Based on new studies next we provide evidence that isothermal membrane hyperfluidisation can induce an equal level of cellular thermotolerance with that achieved by heat priming, and both treatments are accompanied by specific remodelling of the microdomains of the surface membranes. The significantly lower levels of major HSPs (Hsp70, Hsp25) measured in membrane fluidiser treated cells also provided compelling evidence that the amount of HSPs produced is not the sole factor in the development of thermotolerance.
Dysregulated lipid metabolism and membrane defects are common in tumour cells
Alterations in lipid metabolism have long been recognised as a hallmark of cancer cells and are discussed in detail elsewhere [12] . As a consequence of this recognition a number of cancer drugs are currently under development or in the clinical phase targeting specific lipid metabolic pathways [13] . As suggested by Nomura et al., tumour cells undergo a general metabolic shift towards specific bioenergetic (glycolysis) and anabolic (protein and lipid synthesis) processes that promote rapid growth, and it was clearly demonstrated that an increase in the level of monoacylglycerol (MAG) lipase can drive tumorigenesis through the lipolytic release and remodelling of free fatty acids [14] . Since the influence of oncogene expression on the early lipidome alterations was unknown, we recently analysed the changes in the course of ERBB2 expression-mediated premature senescence induced in lipid profiles by using MCF-7 breast cancer cells. The most marked changes were found in the levels of PG (34:1), PG (36:1) (increased) and lysophosphatidylethanolamine (LPE) (18:1), phosphatidylglycerol (PG) (40:7) and phosphatidylinositol (PI) (36:1) (decreased). Statistical analysis revealed a general trend towards shortened phospholipid acyl chains in senescence, and these changes were accompanied by increased global membrane fluidity [15] .
Several solid tumours are characterised by the higher fluidity of their cell membranes [16] [17] [18] [19] [20] , correlating with their proliferative and invasive potentials and their metastatic abilities [21] [22] [23] . A reversal of tumour resistance to apoptotic stimuli through the alteration of membrane fluidity was suggested by Baritaki et al. [12] . Melanoma tumour cells with a high metastatic potential are characterised by an enhanced lateral mobility of the membrane receptors in metastasis, while exhibiting a reduced cholesterol/phospholipid ratio [24] . The plasma membrane (PM)-selective catalytic hydrogenation of lipids in live murine leukemic GRLS cells (i.e. an attempt to normalise bulk membrane fluidity by chemical means) notably increased the expression of a 15 kDa antigen on the cell surface [25] . It was recently suggested that the ability of breast tumour stroma to promote the epithelialmesenchymal transition, the reduction of cell adhesion, the migration velocity and directness, and especially an increase in membrane fluidity, can be viewed as overall progressionand invasion-promoting effects [26] .
Cancer therapies can also alter the physicochemical properties of membranes: the case of cisplatin Tumour cells treated with cisplatin also exhibit an increase in PM fluidity, which results from the activation of acid sphingomyelinase and the subsequent generation of ceramide (Cer) [27] . The generation of Cer and the redistribution of the death receptor CD95 into the lipid rafts can promote the initiation of the apoptotic signal and the elimination of the malignant cells [27] . As will be discussed later, we have documented the accumulation of Cer both in heat-and in BA-pretreated B16 melanoma cells [10] . Most recent studies by Alvarez-Berrios et al. revealed that magnetic fluid hyperthermia combined with cisplatin resulted in significantly enhanced cytotoxicity when compared with hyperthermia using a water bath. It was shown that hyperthermic potentiation of cisplatin by magnetic nanoparticle heaters is correlated with an increase in the membrane fluidity, and as a consequence, elevated passive uptake of the drug in cancer cells. As was emphasised by the authors, the demonstrated mechanism in the context of cisplatin could find application in potentiation of other chemotherapies.
These and other findings urge a complete revision of our current concepts of the mode of action of platinum-based chemotherapy. The examination of transformation incidences expressed as a function of the surviving fraction revealed that the combination of heat and cisplatin resulted in fewer transformants per surviving cell than for cisplatin alone [28] . In other words, when heat converts sub-lethal damage to lethal damage in combination with cisplatin, the elevation of the membrane fluidity and the generation of Cer per se [10] can act synergistically as a 'common denominator' in hyperthermia and chemotherapy.
Membranes are key determinants of cellular stress adaptation and lethality
It was shown decades ago, that fluidity, organisation and phase behaviour of membranes are key and strictly controlled factors in the processes of thermally induced adaptation and lethality, in both prokaryotic [29] [30] [31] and eukaryotic cells [32] [33] [34] [35] [36] . Our early findings, achieved with prokaryotic models firstly revealed that membranes can act as thermosensors, and there exists a feed-back membrane fluidity control of certain stress defending genes, such as fatty acid desaturases in the cold [37] . But how do eukaryotic cells maintain the physical structure of their membrane lipid bilayers within optimal and/or tolerable limits? How changes in plasma membrane physical properties are perceived in a mammalian cell, and how the abundance of lipids in the plasma membrane is regulated to balance changing remains largely unknown.
The plasma membrane (PM) in mammalian cells has been hypothesised to contain nanoscopic lipid platforms, which are discussed in the context of 'lipid rafts' or 'membrane rafts'. The findings of biochemical and cell biological studies have prompted the belief that rafts play a crucial role in many signalling processes [38] [39] [40] . Since it has proven difficult to visualise rafts in living cells, there is currently no consensus on their size, shape, stability, surface density, composition and heterogeneity. Very recently, however, we introduced a method which allowed the direct imaging of nanoscopic longlived platforms with raft-like properties diffusing in the live cell PM [41] . This novel technique, called 'thinning out clusters while conserving the stoichiometry of labelling' (TOCCSL) can sense these platforms through their ability to assemble a characteristic set of fluorescent marker proteins or lipids on a time scale of milliseconds. A special photobleaching protocol was used to reduce the surface density of labelled mobile platforms down to the level of well-isolated diffraction-limited spots, without altering the single spot's brightness. The statistical distribution of probe molecules per platform was determined by single molecule brightness analysis. For demonstration we used the consensus raft marker glycosylphosphatidylinositol-anchored monomeric GFP (mGFP-GPI) and the fluorescent lipid analogue Bodipy-GM1, which preferentially partitions into liquid ordered phases. For both markers, we found a cholesteroldependent homo-association in the PM of living CHO and Jurkat T cells in the resting state, thereby demonstrating the existence of small, mobile, long-lived platforms containing these probes. We further applied this technology to address the structural changes in the PM during fever-type heat shock. At elevated temperatures, the mGFP-GPI homo-association disappeared, parallel with the increase in the expression of Hsp27. This finding lent strong support to our earlier suggestions that PM is involved in the sensing of temperature elevations through changes in the physical state of the membrane [36, 42, 43] . Interestingly, in artificial bilayer systems, atomic force microscopy studies have shown that GPI-anchored proteins can be released from the liquid ordered phase by an increase in temperature [44] . Thus, a similar mechanism may apparently account for the observed dissociation of mGFP-GPI homo-associates in the CHO cell membrane. Taken together, these findings provide direct support for our hypothesis that fever stress has the potential to remodel lipid rafts and, via modulating the membrane microdomains engaged in primary stress sensing and signalling, to enhance the expression of a distinct subclass of HSPs selectively.
By using the TOCCSL technology we next addressed how the combination of heat shock and a prominent HSP co-inducer drug candidate, hydroximic acid BGP-15 [45] , affects the thermosensory properties of membranes. By using molecular dynamics simulations we provided evidence of the docking of BGP-15 in model membranes made of sphingomyelin-cholesterol. The specific interaction of BGP-15 with cholesterol (Chol) was further assessed by using a combination of complementary biophysical approaches. A reduced rate of Chol depletion by metyl-beta-cyclodextrin (MBCD) in the presence of BGP-15 was shown in vitro by the LangmuirBlodget monolayer technique. The above-described TOCCSL method allowed the direct imaging of raft integrity during mild heat stress alone or in combination with the HSP coinducer BGP-15. Confocal microscopy allowed us to follow the redistribution of Chol-rich membrane domains in response to drug administration with the fPEG-Chol probe. It emerged that BGP-15 partitions to lipid rafts with a preferential affinity for Chol. Moreover, BGP-15 was able to remodel Chol-enriched lipid platforms reminiscent of those observed earlier following non-lethal heat priming or membrane stress, and was shown to be obligatory for the generation and transmission of stress signals [43] . The BGP-15 activation of HSP expression involved the Rac1 signalling cascade. Presumably via Rac1 (and other, as yet unrevealed signalling pathways, bridging the signalling platforms of surface membranes with hsp genes via heat shock factors, (HSFs)), we demonstrated that BGP-15 is able to inhibit the rapid HSF1 acetylation monitored during the early phase of heat stress, thereby promoting a prolonged duration of HSF1 binding to heat shock elements [46, 47] . Modulation of the heat shock protein response via drugs, such as BGP-15 acting on the base of membrane lipid therapy has the potential to be beneficial in a range of disorders, including cancer [36] .
Lipidomics revealed membrane lipid remodelling and release of potential HSP-inducing lipid mediators during early stress responses in murine B16 melanoma cells
Apart from their roles in the structural organisation of membranes, different membrane lipids can be metabolised and give rise to signalling molecules in response to various stress stimuli. Increasing evidence (relating to sphingolipids or phospholipase A 2 activation, for instance) links such signalling processes to membrane microdomains. In turn the lipid signalling molecules can alter the gene expression and thereby couple environmental stress or other stimuli to energy metabolism, cellular aging, for example.
With the aim of recognising lipid changes as a consequence of heat shock and/or membrane fluidity modulation achieved through administration of the non-proteotoxic BA, we analysed the ESI-MS/MS molecular species data using a data-mining principal component analysis method [10] . This allowed a clear differentiation of the experiments into four non-overlapping clusters, depending on the different treatments. The first component, which accounted for almost 60% of the variance, clearly distinguished the control and stress conditions, suggesting that common lipid metabolic pathways are involved in the stress-mediated lipid alterations. The second and third components revealed differences concerning mild or severe heat and the BA-induced membrane stresses, indicating specific changes in the lipidome in response to these membrane perturbations.
A key feature of the acute lipid remodelling due to heat (both mild and severe) or BA-induced membrane perturbation observed 60 min after stress intervention was the accumulation of Chol, Cer and saturated PC and PE-P species in the highly metastatic B16-F10 cells. These lipid species tend to support the formation of tightly packed subdomains corresponding to liquid-ordered phases biophysically characterised in model membranes and raft domains in cells [48] . The altered microdomain disposition was confirmed by preliminary results of analysis of the lipid composition of detergent-resistant membrane domains (DRMs) from B16-F10 cells as a consequence of stress (Horvath et al., unpublished data). This indicated the recruitment of specific lipids into DRMs during membrane stress. It is known that elevated Cer levels can displace Chol from membrane/lipid-'Chol-rafts' and form large, Cer-enriched membrane platforms 'Cer-rafts' [49, 50] . Since both Chol and Cer (besides other raft-component lipids) accumulated during stress in whole B16-F10 cells, it is conceivable that the rafts undergo rearrangement and contain different protein components, thereby altering various signalling pathways, (such as those involving phosphatidylinositol 3-kinase, Akt and glycogen synthase kinase 3), which in turn may transmit the stress signal from the plasma membrane to the nucleus [35, 51] . Taken together, these findings may explain our previous observations concerning heat-or BA-induced Chol-rich PM microdomain condensation observed by fluorescence microscopy in B16-F10 cells [43] .
The increase in saturated lipids and the concomitant reduction of polyenes is a clear consequence of stress. This may highlight common metabolic processes which are involved in stress responses, whereas the lipid class-or the lipid species-dependent changes may reflect stressor-specific alterations. In accordance with the commonly accepted view [52] [53] [54] we suggest that the decrease in polyunsaturated fatty acid (PUFA)-containing lipids (with special emphasis on the 20:4-containing species) following heat and BA treatments is due to the action of phospholipases. Such enzymatic activity is thought to be influenced by membrane fluidity and/or microheterogeneity for both phospholipase A 2 (PLA 2 ) [55] and phospholipase C (PLC) [56] . These phospholipases are also known to be stimulated by heat shock (HS) and chemical stressors [57, 58] . The lipid most affected by PUFA removal was PI (38:4), which can be metabolised mainly by PIspecific PLA 2 [59] or by PLC. The latter also hydrolyses PIP 2 , thereby producing two second messengers, diacylglycerol (DAG) and inositol triphosphate (IP 3 ) [60] . IP 3 rapidly mediates the release of Ca 2þ from the endoplasmic reticulum following binding to IP 3 receptors. Interestingly, it has been reported that, in the initial stage of hyperthermia, the heat induces the turnover of polyphosphoinositides and the production of Ca 2þ -mobilising IP 3 [61] . Moreover, a number of reports have indicated that HS leads to a rapid increase in the level of intracellular free Ca 2þ from internal stores and a massive Ca 2þ influx from the extracellular medium. Cell calcium appears to be critical for the transcriptional activation of hsp genes in B16-F10 [43] and other cell lines [62] .
Elevated activity of phosphoinositide-specific PLC results in the formation of DAG which is highly enriched in arachidonic acid (AA) and may therefore function as second messenger [63] . It could for example enhance the membrane association and activation of various isoforms of protein kinase C (PKC) which have been found to drive the phosphorylation of HSFs [51] . This is consistent with the induced expression of Hsp70s in response to the activation of PKC [35] . Moreover, the heat-induced accumulation of PS and the BA-induced enhancement of DAG may play a positive regulatory role in PKC activation and consequently in HS induction, since both PS and DAG are essential cofactors of PKC [64, 65] , but can be differently affected by the different stressors. 20:4-DAG can be subsequently metabolised by DAG lipase to 20:4-monoacylglycerol (20:4-MAG) [66, 67] after which AA can be released through the action of monoacylglycerol lipase or fatty acid amide hydrolase action [68] . AA released by both PLA 2 and PLC-mediated pathways can mediate signal transduction and be recycled via the Lands pathway, whereas a portion can be lost to b-oxidation. In fact, the addition of AA to HeLa cells stimulated HSF1-DNA binding, increased the phosphorylation of HSF1 and, upregulated the transcription of the hsp70 gene [69] demonstrating its HSP modulator ability.
In line with the above findings, it was reasonable to assume that the PUFA status and the ability of cells to respond to stress are closely interconnected. The modulation in HSP expression caused by plating density variation was studied by Noonan et al. [70] who observed that the activation of two human Hsp70 family members was indeed cell numberdependent after heat shock in colon carcinoma cell lines. As suggested by Koklic et al. in their 'membrane switch hypothesis' [71] , the cell density strongly influences the lateral domain structure of tumour cell membranes by causing the appearance or disappearance of certain membrane domain types on the cell surface membranes (thereby acting as a 'switch'). We recently provided evidence that simply the modulation of cell density considerably altered the inducibility of hsp genes in B16-F10 cells, and was paralleled by pronounced changes in both the Chol level and the size distribution of pre-existing Chol-rich plasma membrane rafts [46] . When B16-F10 melanoma cells were cultured at different initial cell densities, lipidomic analysis revealed a profound rearrangement of molecular species composition, with around 70% of the lipid molecular species being altered. At the same time, different culturing conditions dramatically altered the stress inducibility of the major hsp genes, hsp70 and hsp25 [11] . In general, the importance of our findings lies in the need for n-3 and n-6 PUFA for the maintenance of stress protein responsibility in mammalian cells, which cannot synthesise their own, and draw attention to the need for their careful control. In fact, tumour cells exhibit a pronounced increase in de novo fatty acid synthesis, whereas normal cells are thought to acquire fatty acids primarily from dietary sources [72] . Moreover, our findings lend further support to the importance of both the 'quality' of the pre-existing membrane microdomains themselves and the release of lipid mediators (such as AA and derivatives), together with other stress protein-inducing signal transducers, which may act in tandem to control the extent of the ultimate cellular stress response [11] .
A lipidomic approach will be useful for the determination of lipidome changes with prospective value as biomarkers and to disclose pathways with the potential for therapy [73, 74] . Furthermore, in order to understand the contribution of membrane lipid composition to the functionality of membrane-bound cellular processes (such as operation of surface membrane receptors, ion channels, or the mitochondrial electron transport chain), comprehensive structural and quantitative information on the organellar lipidome is essential [75] .
Acquisition of thermotolerance via prior membrane hyperfluidisation in B16-F10 melanoma cells
In a study by Balogh et al., the effects of the administration of the non-proteotoxic [42] membrane fluidiser BA and 'traditional' heat priming were investigated and compared concerning their capacities in thermotolerance development. B16-F10 cells were preconditioned (40 mM BA at 37 C or 42 C) for 1 h, and after a 16 h recovery period, were subjected to a 1 h lethal heat stress at 45 C. As shown in Figure 1 , when preconditioned either with mild heat shock or with BA, these melanoma cells acquired a highly elevated thermotolerance. On the other hand, we observed a statistically insignificant difference in the effects induced by prior heat and isothermal membrane hyperfluidisation. Subsequently, we determined the level of the major HSPs, Hsp70 and Hsp25 by western blotting (Figure 2) . Remarkably, whereas heat and BA priming exerted similar protective effects, BA treatment evoked weaker HSP response relative to heat priming at a HSP level. Noteworthy, no major differences were found in the levels of major HSPs between the heat sensitive B16 parent line and the heat resistant variants in other work, suggesting that HSPs are not a determining factor in the heatresistant phenotype of B16 melanoma cells [76] . Thus, the acquired heat tolerance observed in this study should involve other mechanisms (see above) rather than solely the de novo synthesis of HSP chaperones. Importantly, if applied at the concentration equipotent in membrane fluidisation with BA, pretreatment with phenethyl alcohol, shown to be ineffective as an hsp activator, [43] also caused no measurable change of thermotolerance (unpublished observation).
It is noteworthy that we earlier demonstrated that the acquisition of cellular thermotolerance in BA-primed Escherichia coli cells was unrelated to the formation of the major HSPs, such as GroEL (Hsp60) and DnaK (Hsp70).
Instead, remodelling of the membrane lipid composition appeared to be sufficient for the development of short-term bacterial thermotolerance [30] . From studies using yeast unsaturated fatty acid auxotroph lipid mutants, Swan and Watson concluded that the strongly elevated heat sensitivity of unsaturated fatty acid-enriched cells is probably attributable to the membrane damage associated with increases in membrane fluidity independently of HSPs and trehaloze [77] . To unravel the possible mechanisms underlying the capability of BA for heat shock gene activation, we earlier revealed that, apart from membrane hyperfluidisation in the deep hydrophobic region, a distinct reorganisation of Chol-sphingomyelin-rich microdomains may also be required for the generation and transmission of stress signals to activate hsp genes in B16 cells [43] . B16-F10 cells were next treated either with 40 mM BA or heat-stressed at 42 C for 1 h, and after a 16-h recovery period incubated with the Bodipy FL C 5 -sphingomyelin probe [78] for 10 min. They were then washed and imaged with a custom-made ultrasensitive microscope in total internal reflection mode. The domain size was analysed with the freeware ImageJ software (www.uhnresearch.ca/ facilities/wcif/imagej), with its fast Fourier transform (FFT) bandpass filter and the nucleus counter plug-in (Figure 3) . The sphingomyelin probe-labelled domains were sorted into six classes according to their diameters (Figure 3) . Whereas the number of smaller domains decreased in response to both heat and BA priming, the larger domains accumulated. Importantly, the amplitude of the effects observed was always more pronounced in the case of BA-induced hyperfluidisation.
HSPs are more than simply chaperones
HSPs have multiple functions depending on their location. Some of the intracellular HSPs play an essential role as Figure 1 . Acquisition of thermotolerance with heat and BA. molecular chaperones by assisting the correct folding of nascent and stress-accumulated misfolded proteins, and preventing their aggregation. The protein-and/or lipidmediated association of a specific set of stress protein molecular chaperones to membranes is a widespread phenomenon that was earlier partially or completely overlooked, and is implicated in a number of physiological and pathological events [64, [79] [80] [81] . Most relevant to the present review, temporary association of certain HSPs with membranes can reduce the level of fluidity [82] [83] [84] [85] , elevate bilayer stability [86] , and thereby restore the membrane functionality during heat stress conditions. A novel 16.2 kDa human small HSP, HspB11, was shown to inhibit H 2 O 2 , taxol and etoposideinduced cell death through preserving the integrity of the mitochondrial membrane system, the activation of Hsp90, the stabilisation of PM lipid rafts and activation of the PI-3kinase-Akt cytoprotective pathway. We recently provided evidence for the cholesterol-controlled interaction of HspB11 with lipid rafts [87] .
Hsp70 interacts with an anionic phospholipid, bis(monoacylglycero)phosphate, (BMP) that is predominantly localised to the inner lysosomal membrane. The work of Kirkegaard and co-workers confirmed [88] that the pHdependent (the interiors of lysosomes are highly acidic) and high-affinity BMP-Hsp70 interaction strongly promotes cell survival. The finding reveals a potential strategy for treating cancer by inhibiting the lysosome-stabilising effects of Hsp70 in tumour cells, thereby promoting lysosome-dependent autophagic cell death, in which the cell digests itself [81] . So molecules that either inhibit Hsp70-related signalling cascades (such as the PI3K/Akt/GSK pathway, which is linked to up-regulated Hsp70 transcription in cancers [36] ), or drug candidates that directly block lysosomal localisation of Hsp70, might prove useful in anticancer therapy [89] . The association with the plasma membrane seems to account for the pleiotropic effect of HSPs (predominantly small HSPs) which can contribute to the restoration of membrane activity following damage caused by abiotic stresses or cancer therapies. It is suggested that sHSPmediated membrane stabilisation precedes the thermal adaptation that occurs by adjustment of the lipid composition [83] . As we pointed out, the fluidity and microdomain organisation of membranes are decisive factors in the perception and transduction of stresses into signals that trigger the activation of specific heat shock genes [36] . Conversely, the membrane association of specific HSPs may result in the inactivation of membrane-perturbing signal(s), and thereby switch off the heat shock response. In that context, interactions between certain HSPs and specific lipid molecular species might be a previously unrecognised means for the compartmentalisation of HSPs to specific signalling platforms, where key stress signalling proteins are known to be concentrated.
Finally, the cancer metabolism can only be perceived as a network of pathways with plasticity, feedback loops and cross-talk that ensure the ultimate fitness of the tumour cells [90] . An understanding of the novel function of lipids and chaperones (free, membrane-bound or extracellular located) in the modulation of cell death and survival signalling, which is of fundamental importance in ATT, is just beginning to emerge. As suggested by Gabai and Sherman, the role of HSPs in the refolding of damaged proteins may not be as essential as earlier believed; instead, the role of HSPs is crucial in the regulation of signalling pathways [91] . Thus, the acquisition of further knowledge will be necessary in order to improve the therapeutic potential of hyperthermia.
Concluding remarks
Linked either to metabolic reprogramming or to therapy, the elevated extent of membrane fluidity and reorganisation of lipid rafts must be key determinants in the pleiotropic effects of hyperthermia leading ultimately to cellular adaptation or lethality. Comparative studies with heat-and membrane-primed melanoma cells reinforce the view that ATT involves general as well as stress-specific components. It is beyond doubt that, through their molecular chaperone activities, the prominent HSP family members can contribute to the development of thermotolerance. Further investigation of the role of membrane microdomain properties (biophysical and biochemical), together with the moonlighting HSPs in heat sensing, signalling and adaptation, and understanding the way these phenomena act as a network, appears essential to explore hyperthermia-induced events.
